Abstract
Introduction
Mobile ad hoc networks (MANET) as a decentralized mobile communication network has been extensively studied and applied in recent years. Mobile routing technology is one of the important key technologies in ad hoc network. Ad hoc routing technology is mainly divided into two categories: table-driven routing protocol (such as Destination-Sequenced Distance-Vector Routing (DSDV)) and on-demand routing protocol [1] [2] (such as Ad hoc On-Demand Distance Vector Routing (AODV), Dynamic Source Rooting (DSR)). In these protocols, demand-driven routing protocol is more widely accepted. But these protocols don't have mature projects for unidirectional links of MANET. However, unidirectional links have a large proportion in ad hoc networks. Ref. 3 proposes that unidirectional links of an ad hoc network account for 15 percent of total transmission links. Ref. 4 proposes that unidirectional links are about 30 percent of transmission links of an ad hoc network in the indoor environment. Ref. 5 proves more than 10 percent of links of an ad hoc network is unidirectional under normal circumstance. Ref. 6 proposes there are a large number of unidirectional links in the experiment. Therefore, we must study the unidirectional links of ad hoc networks and use them to improve network efficiency.
Many existing routing protocols, such as traditional DSR, AODV, construct routes only using bidirectional links [7] . In these protocols, it is assumed that all of the transmission links are bidirectional and stable. However, in ad hoc networks, the nodes have different antenna gains and transmission powers. Thus, if only bidirectional links are used in an ad hoc routing protocol, network connectivity gets lower.
Extended DSR protocol is capable to construct routes including unidirectional links, but this protocol uses two-way flooding method to achieve routing. In two-way flooding method, the forward route and the reverse route are constructed independently by flooding. This method is simple and efficient, but the process of two-way flooding has a great negative influence on network overhead and energy consumption. The network overhead is between 2.1 to 2.8 [8] . In other studies of MANET, although some routing protocols and detection algorithms have the function of detecting unidirectional links, most of them just try to avoid using unidirectional links, such as Hello mechanism, blacklist method, Flooding based ad hoc routing protocol controlled with Overheard Control information to support Unidirectional linkS (FOCUS2) [9] , and so on. Only a small number of routing algorithms can conditionally use unidirectional links, such as neighbor monitoring mechanism (NMM), Loop Based Source Routing (LBSR), and so on.
Research Status
The previous studies have obtained some research results for unidirectional links in ad hoc networks. These achievements are used in different network environments. We briefly introduce several representative solutions.
1) Hello mechanism [10] . All nodes in the network regularly broadcast Hello packets. The nodes which received Hello packets send Hello-ACK packets. While the nodes which send Hello packets have received ACK packets, they mark the nodes which send ACK packets into the neighbor list. So the nodes create a bidirectional links list. This method only finds bidirectional links, but it doesn't find unidirectional links. 2) Blacklist mechanism in AODV protocol. When the node detects a route reply (RREP) transmission failure, it records the next-hop node which is the destination node of this RREP message to a blacklist congregation. Since a route request (RREQ) message is sent from the destination node of RREP, it considers that unidirectional link exists between the source node of this RREP message and the destination node. All RREQ messages which are sent by the nodes including the blacklist will be ignored. Blacklist mechanism can solve the problem of unidirectional link for routing process. This method only finds unidirectional links, but it cannot use unidirectional links. 3) Ref. 11 proposes Neighbor Monitoring Mechanism. This mechanism uses monitoring node to construct reverse route, which is capable of finding and using unidirectional links. However, if the required neighbor node doesn't exist or bidirectional neighbor relationship cannot be established, the method would not be executed. 4) Ref. 12 proposes LBSR protocol. This protocol constructs a loop route from source node to destination node, and then back to source node in the routing discovery process. LBSR can solve the problem of unidirectional link, but it has many drawbacks, such as complex route discovery process and high routing overhead. 5) Exchange neighbor list method proposes that every node periodically sends one-hop Hello packets which include its neighbor list. The receiving nodes detect unidirectional links according to neighbor list and proactively avoid using them to establish routes. This method which is an effective mechanism for detecting unidirectional links has many advantages. The disadvantage of this mechanism is only the receiving nodes have unidirectional links information, yet sending nodes don't have these information. Since only the receiving nodes have link-state information, unidirectional links cannot be used when a route is constructed. The connectivity and efficiency of network cannot be effectively improved.
ULABPA proposed by this paper not only can detect unidirectional links, but also can advertise link-state information to upstream node of unidirectional link through using power information. LSARP can use unidirectional links to establish route and communicate between nodes. This routing protocol can reduce the number of routing hops and work more efficiently.
Proposal of LSARP
There are three primary reasons for the formation of unidirectional link: 1) Difference of rated transmit power. The rated transmit power of different nodes may be distinct, which leads to disparate wireless coverage of different nodes. Many unidirectional links may be generated since transmission power and transmission ranges of each node are various.
2) Difference of wireless transmission capability. Wireless nodes may have great diversities in energy consumption rate, energy conservation strategy and receiving sensitivity. All of these affect the wireless transmit power and receive capabilities, which result in unidirectional links.
3) Difference of antenna gain. Many asymmetric links can be generated because of diverse antenna gain of different nodes.
There are two kinds of methods of detecting and advertising unidirectional link-state. The one is nodes have obtained information of unidirectional links before the route is constructed. The other describes that nodes are marking the state of unidirectional links as well as route is being constructed. The first method shortens the time of constructing route and improves the speed of transmission, but it perhaps increases the network overhead in the process of obtaining unidirectional link-state information. Network overhead of the second method is relatively small. Compare to the first one, the delay of constructing route is larger and the success rate is lower. To sum up, the first way is more preferable for business efficiency. Thus, the first method is applied in this paper. The feature of unidirectional link is given full consideration, and the problem of communication using unidirectional link is solved.
Unidirectional link-state advertisement based power adjustment mechanism (ULABPA)
Definition 1: The list of neighbor nodes. Nodes of ad hoc network receive and handle Hello packets and store sending nodes ID to a list, i.e. the list of neighbor nodes.
Definition 2: Upstream node and downstream node of unidirectional link. The upstream node is the one end-node with ability of covering the other in a link. The other is the downstream node.
In each transmission period of Hello packet, nodes of the network count the Hello packets which are received by their own and record the source nodes to the neighbor list. When the next moment of sending Hello packet is arriving, the nodes broadcast a Hello packet with the neighbor list, of which time to live (TTL) is 1. After each node receives the Hello packet with the neighbor list from the other nodes, it checks the neighbor list. If It has not been recorded in this list, it proves that this link is a unidirectional link. The downstream node of the unidirectional link is the node of receiving Hello packet, and the upstream node is the sending node. Now, the downstream node has already detected this unidirectional link, but the upstream node of the unidirectional link doesn't obtain the state of this link. If unidirectional links are fully used in a route protocol, the state of unidirectional links must be obtained by upstream nodes. Therefore, this paper proposes an advertisement mechanism which can advertise the information of unidirectional links to upstream nodes. Each node in the network periodically broadcast Hello packets including transmitting power (Pt) and receiving threshold (Rt) besides the neighbor list of the node. In figure 1 , node A sends the Hello packet that includes the neighbor list of node A, t(a) P and (a) Rt . Receiving the Hello packet from node A, node B must measure the power of the received signal ( r(a) P ) and record it. Through analyzing the neighbor list of node A, node B finds the link AB is a unidirectional link which the upstream node is A and the downstream node is B. Node B uses the transmitting power of node A ( t(a) P ) to compute the channel gain ( Gab ).
Assume that the two-way channel gain between two nodes is same, i.e. Gab ba G  , we can obtain the transmitting power of node B by the following equation, which is able to ensure the transmission success from node B to node A. P is lower than the threshold ( max(b) P ), node B uses this power to send ULAM to node A, and records the value of this power. Otherwise, the unidirectional link-state information should be broadcasted. The neighbor nodes of node B should determine whether to send the advertisement of the link state to the upstream node A. Assume that node E is the neighbor of node B, node E receives the link-state message including TTL. The value of TTL is set to be small so as to avoid excessive broadcast. In general, the value of TTL is not more than 3 [13] .
There are three cases to deal with the link-state advertisement message by node E. The first case is shown in figure 2(a) . Through checking its neighbor list, node E finds node A is not in the list. And there is not the unidirectional link EA recorded by node E. Then, node E continues to broadcast this message if the TTL value of broadcast message from node B is not 0. The second one is shown in figure 2(b) . According to the neighbor list of node E, there is a bidirectional link between node E and node A. Now, node E will directly send the state message of the unidirectional link AB to node A. The third case is described in figure 2(c) . Node E discovers that there is the unidirectional link AE, of which downstream node is node E. Now, node E checks its unidirectional link list and confirms whether it has used the transmitting power t(e) P to successfully send the unidirectional link advertisement to node A. If so, node E will use the transmitting power t(e) P to send the advertisement message of node B to node A. If not, node E will compute the transmitting power t(e) P according to the formula (1), (2), then judges whether t(e) P is less than max(e) P . If less, node E will send the advertisement messages of two unidirectional links AE and AB to node A respectively; if not, node E continues to broadcast the advertisement message of the unidirectional link AB if the TTL value of broadcast message from node B is not 0, and broadcasts the state message of the unidirectional link AE. If the TTL value is 0，the advertisement message is dropped by the receiving node. This shows that the advertisement message is not obtained by node A. When the advertisement message eventually reaches node A through the above method, node A records the information of the unidirectional link AB and sends a confirmation message to node B.
Using high transmitting power, nodes will consume more energy. In order to avoid nodes stopping operation due to high energy consumption, this mechanism is only applied in the process of advertising link state, but not in the stage of constructing route and sending data. Therefore, this mechanism doesn't have greater impact on the lifespan of network and route.
Appling this mechanism, the end node of unidirectional link can solve a part of the problem of the unidirectional link state advertisement through improving its transmitting power. It effectually avoid that the link-state cannot be advertised because of the absence of "listening nodes". If the link-state information must be forwarded by a intermediate node, this intermediate node doesn't need to compare the neighbor lists. It reduces amount of calculation for information of unidirectional link.
Link-state advertisement based source routing protocol (LSARP)
This section mainly describes the routing protocol which can use unidirectional links to construct route, link-state advertisement based source routing protocol (LSARP). Routes with unidirectional links are divided two categories. The first one is that the transmission direction of unidirectional link is consistent with the direction of the reverse route (from the destination node to the source node); the second one is that the transmission direction of unidirectional link is consistent with the direction of the forward route (from the source node to the destination node). In the first category, unidirectional links are generally used at the stage of RREP. In the second category, unidirectional links are generally used at the stage of RREQ. We will describe LSARP in detail.
A typical exiting on-demand routing protocol is composed of two parts: route discovery and route recovery. In this paper, we mainly discuss the process of route discovery. Route recovery is the same with this part of typical on-demand routing protocol. In route discovery, when the source node wants to communicate with the destination node, it floods a RREQ message to find a route to the destination node. The intermediate nodes receive the RREQ packets and store the reverse route to the source node. When the destination node receives the RREQ message, it sends back a RREP message to the source node along the reverse route. RREQ and RREP establish a route between the source and the destination. Based on this typical routing mechanism, LSARP uses unidirectional link detected and advertised by ULABPA (described in section 3.1) to construct optimal route. In the following, assume that each node in the network has obtained the information of unidirectional link.
First, we discuss the first case that the transmission direction of unidirectional link is consistent with the direction of the reverse route. Assume node i is upstream node of a unidirectional link. When node i receives a RREQ message, node i checks whether there is a known unidirectional link in the forward route. If there is the unidirectional link ij and i is upstream node and j is downstream node, it proves that the forward route from j to i is through a number of nodes. Then, node i records the routing information, and continue to broadcast this RREQ message. When the RREP message from the destination node arrives node i, node i just directly send RREP to the downstream node j through the unidirectional link instead of the original path. As shown in figure 3(a) , the link AB is a unidirectional link, and node B is downstream node. When node A received the RREQ message from the source node S, A discovers that node B is in the forward route through checking the route included in RREQ. It proves that there is a redundancy (B,E,C,A) in the forward route. Then, node A marks this unidirectional link AB to the RREQ message and continues to broadcast it. When node A received the RREP message from the destination node, the unidirectional link AB is found in RREP. Node A doesn't send RREP to node C, but directly sends it to node B. Thus, using this characteristic that the link-state is learned by the upstream node of unidirectional link, we have achieved the purpose of using unidirectional link to improve connectivity of network, reducing hops of route and improving routing efficiency. Figure 3(b) shows the second case that the transmitting direction of unidirectional link is consistent with the direction of the forward route. In all links from A node to B node, the RREQ messages forwarded by international nodes takes longer time than those message not being forwarded by other nodes, if the difference of delay in each link is not considered. In traditional on-demand routing protocol, when node B receives RREQ from the unidirectional link AB, it will continue to forward this RREQ and drop other later RREQs, but the route will not be established due to the presence of the unidirectional link AB. Therefore, the connectivity of network is reduced.
In this case, LSARP shall finish the construction of the route. The downstream node B of the unidirectional link marks the route request that is obtained from the unidirectional link AB, and then continues to broadcast it. When node B receives the RREP message that responds to this RREQ, node B finds the next hop belongs to a unidirectional link according to the mark, then node B will broadcast a RREQ message which destination node is node A with a small TTL(generally less than 4). If the route is successfully established, the RREP response can be finished according to the new route. Thus, the constructing route process using unidirectional link is finished from the source to the destination.
Simulations
This section discusses the performance evaluation of LSARP proposed by this paper. In this paper, the NS2 platform is used for simulation. 802.11 wireless LAN protocol is used as the MAC protocol. In order to support the communication of unidirectional links, we locally modify the 802.11 protocol during the simulation.
In this paper, the scope of the simulation area is 800m×800m, and nodes are randomly distributed in this area. In order to simulate real network scenario, we randomly set the receiving threshold of the nodes to ensure the specificity of each node. The simulation time is 600s. In this simulation, each case is simulated 20 times, and then the simulation results are averaged.
The success ratio of unidirectional link advertisement is shown in figure 4 . This index is the ratio of the non-duplicate number of times of successfully advertising unidirectional link-state to the upstream node and the number of the unidirectional links that are found in the network. As shown in figure 4， with the expansion of the network size, the success rate is falling. But this index is remained at about 85%. This result can meet the requirement that the nodes obtain information of unidirectional linkstates. Figure 5 shows the average of the end-to-end packet delay. With the increase of the number of CBR sessions, the end-to-end packet delay is also increasing. DSR protocol, Extended DSR protocol and LSARP are compared in the figure. We can see that LSARP has best performance. Since DSR protocol doesn't use unidirectional link in the process of constructing route, the hops of route is increase. Therefore, the end-to-end packet delay is also increase. The Extended DSR protocol partly uses unidirectional links to constructing routes, but the delay is relatively long because of two-way flooding.
The mechanism proposed by this paper adequately uses unidirectional links. The shortest path is used to establish route. Therefore, the end-to-end packet delay is effectively controlled. The number of control packets is the sum of the link-sate advertisement packets of all nodes and the control packets of establishing route. The number of control packets is usually associated with the network size and the number of streams. The routing protocol should minimize the number of control packets to improve network efficiency. Figure 6 shows the simulation result for evaluation of the number of control packets. In order to comparison in this paper, only a single stream is simulated. In 5 kinds of network size, we can objectively analysis change of number of control packets with change of network size. In the simulation, we compare the number of control packets of Extended DSR which can use unidirectional links and LSARP. As shown in figure 6 , the number of control packets of LSARP is less than that of Extended DSR. This is because that LSARP limits the value of TTL during the link-state advertisement to inhibit the number of control packets. LSARP shortens the length of route as much as possible through the use of unidirectional links, and reduces broadcast packets that are produced by using two-way flooding, such as Extended DSR, to establish route. The average of route length that is the hops of route from the source node to the destination node can effectively show the efficiency of a route protocol. As shown in figure 7 , with the growth of network size, the average of route length of LSARP is less than DSR except for the network including a few nodes (ten nodes). When there are 80 nodes in the network, the average of route length of LSARP is 1.0185 hops less than that of DSR. LSARP uses unidirectional links to obtain the shortest path, therefore the efficiency of LSARP is higher than that of DSR. 
Conclusion
In recent years, increasing studies are focusing on improving the communication efficiency of ad hoc network. How to use unidirectional links that commonly exist in ad hoc network to improve efficiency is a very practical problem. This paper proposes the routing method of unidirectional linkstate advertisement based on power Adjustment and the routing mechanism of link-state advertisement based source routing. Simulations show that LSARP can adequately use unidirectional links to improve the network efficiency. LSARP is 10.53% less than Extended DSR in the average of the end-to-end packet delay, and it is 15.27% and 9.88% less than DSR in the number of control packets and the average of route length respectively. It achieves the purpose of efficient communication
